Many observations have reported glycosylation changes associated with apoptosis in different biological systems, although none of these has shown any general significance. In this work, we show that in cell lines from different histological origin, (colon, breast, pancreas, and bladder cancer) as well as in normal human and mice neutrophils, apoptosis is accompanied by the exposure of sugar chains recognized by the lectin from Sambucus nigra (SNA), specific for Siaα2,6Gal/GalNAc structures. Also, cells undergoing primary necrosis induced by heat treatment (56
Introduction
The external surface of cells is covered by a carbohydrate layer, known as the glycocalyx, which mediates many interactions 1 To whom correspondence should be addressed: Tel: +39-0512094727; Fax: +39-0512094746; e-mail: fabio.dallolio@unibo.it 2 These authors equally contributed to this study. among cells and between cells and the environment. The final steps of the apoptotic program involve the expression of "eat me signals" on the apoptotic bodies; the most important signal is the exposure of phosphatidylserine, which allows prompt recognition and removal of the demised cells by phagocytes. Several studies have reported marked changes in the glycosylation pattern of cells undergoing apoptosis. However, any attempt to identify glycosylation changes unequivocally associated with apoptosis has so far been unsuccessful.
In this paper, we report that apoptotic cells, but also cells undergoing primary necrosis, become strongly reactive with the Sambucus nigra (elderberry) agglutinin (SNA), a lectin specific for α2,6-linked sialic acid. The phenomenon is common to cells of different histological origin, including colon, breast, pancreas, bladder, and neutrophils and appears to be independent of the nature of the apoptotic stimulus. The main carbohydrate structures recognized by SNA are 6 -sialyllactosamine (Siaα2,6Galβ1,4GlcNAc) and sialyl-Tn (Siaα2,6GalNAc), both of which are often cancer associated (Dall'Olio and Chiricolo 2001) . The recognition of apoptotic/necrotic cells by SNA is dependent on its known sugar-binding activity while independent of α2,6-sialyltransferase expression. The lectin from the mushroom Polyporus squamosus, which has a narrow specificity for α2,6-sialylated lactosaminic chains, also marks apoptotic and necrotic cells, indicating that the sugar chains exposed by apoptotic/necrotic cells are α2,6-sialylated lactosamines.
Results

SNA reactivity increases in apoptotic colon cancer cell lines not expressing ST6Gal sialyltransferases
Our study started from the observation that colon cancer cell lines expressing barely detectable levels of α2,6-sialyltransferases acting on lactosaminic chains, such as SW48 and SW948, or weakly expressing the activity, such as HT-29 (Dall'Olio et al. 1992) , became strongly positive to the α2,6-sialyl-specific lectin SNA (Shibuya et al. 1987 ) when undergoing apoptosis. This is evident from Figure 1A , which shows the flow cytometric profiles of lectin-stained cell lines analyzed 48 h after induction of apoptosis by the intracellular zinc chelator TPEN. Other lectins, such as leukoagglutinin from Phaseolus vulgaris (L-PHA), which recognizes the β1,6 branching of N-linked chains (Hammarstrom et al. 1982) , Maackia amurensis agglutinin (MAA), which is specific for α2,3-linked sialic acid (Knibbs et al. 1991) , and Arachis hypogea (peanut agglutinin, PNA), which recognizes the unsubstituted T antigen (Galβ1,3GalNAc-Ser/Thr) of O-linked chains (Lotan et al. 1975) , displayed a totally different behavior. Reactivity with L-PHA, MAA, and PNA showed little changes in apoptotic cells, compared with control cells. Only in SW48 cells, the bimodal α2,6-Sialylation marks apoptotic and necrotic cells (PNA) or Sambucus nigra (SNA) and FACS analyzed. Staining with annexin-V (Ann-V, continuous line) was used to monitor the occurrence of apoptosis, while staining with 7-amino-actinomycin D (7-AAD, dashed line) was used to monitor membrane impermeability. (B) Dot blot analysis of apoptotic cells. Identical amounts of protein homogenates of untreated SW948 cells, of apoptotic SW948 cells, and of ST6Gal.1-Transduced cells were blotted and probed with digoxigenin-conjugated SNA. The reaction was developed with peroxidase-conjugated anti-digoxigenin antibodies. The upper diagram shows the quantification of the spots: white bars, untreated; gray bars, apoptotic; black bars, ST6Gal.1-transduced cells. The reactivity of apoptotic cells is close to that of ST6Gal.1-transduced cells and much higher than that of untreated cells. (C) Apoptosis was induced in SW948 cells as above. Apoptotic cells were then treated with proteinase K, fixed, SNA stained, and FACS analyzed. Protease treatment reduces the SNA reactivity of apoptotic cells by about 100 fluorescence channels, suggesting that the binding sites of SNA are carried, at least in part, by glycoproteins.
pattern of staining in the normal cell was replaced by a more homogenous pattern in apoptotic cells. In contrast, SNA reactivity increased dramatically in the three cell lines undergoing apoptosis. The occurrence of apoptosis was monitored by annexin-V reactivity, which reacts with phosphatidylserine, while membrane integrity was monitored with 7-amino-actinomycin D (7-AAD). As shown, at this stage of the apoptotic process, the three cell lines showed increased annexin-V reactivity, while the staining with 7-AAD was negative, indicating that the three cell lines were undergoing apoptotic cell death and that the integrity of the plasma membrane was conserved. The level of caspase 3 activation in these cells was 3-to 4-fold higher than that of control cells (data not shown). Other apoptotic stimuli, such as camptothecin, induced very similar effects (supplementary Figure 1) , indicating that the increase in SNA reactivity was independent of the nature of the apoptotic stimulus.
To rule out the possibility that the increased SNA reactivity of apoptotic cells was due to unspecific phenomena, such as the entrance of the lectin in the dying cells, we subjected cell homogenates of untreated and apoptotic SW948 cells, as well as of SW948 cells transduced with a ST6Gal.1 retroviral expression vector to dot blot analysis with digoxigenin-conjugated SNA ( Figure 1B) . In a typical experiment, the reactivity of apoptotic cells was about double that of untreated cells and very close to that of ST6Gal.1-expressing cells. This datum strongly suggests the de novo exposure of α2,6-sialylated sugar chains in apoptotic cells.
The nature of the structures recognized by SNA in apoptotic cells was preliminarily investigated by treating apoptotic SW948 with proteinase K. As shown in Figure 1C , this treatment reduces the level of SNA reactivity by about 100 fluorescence channels, strongly suggesting that the molecules recognized by SNA in apoptotic cells are carried, at least in part, by glycoproteins.
SNA reactivity increases in cells undergoing primary necrosis Primary necrosis induced by heat treatment (56
• C, 30 min) increased SNA reactivity leaving unaltered the reactivity with other lectins (Figure 2A ). As shown by FACS analysis, SW48 cells undergoing primary necrosis displayed a near unaltered level of reactivity with L-PHA, MAA, and PNA and a dramatic increase of SNA reactivity. Figure 2B shows the fluorescence microscopy of untreated, primarily necrotic, or apoptotic SW48 cells, stained with the four lectins. In agreement with FACS analysis data (Figures 1A and 2A) , SW48 cells displayed a basically low level of reactivity with MAA and SNA and a good, although heterogeneous, level of L-PHA and PNA reactivity. Upon induction of primary necrosis, the staining pattern with L-PHA, MAA, and PNA showed a little or no changes, while SNA reactivity increased dramatically. The staining was localized mainly on the cell membrane, although some diffuse cytoplasmic staining was also visible. In some cells, the reactivity showed a polarized distribution. In apoptotic cells, the reactivity with L-PHA and PNA showed little or no changes, while a slight and heterogeneous increase in MAA reactivity and a dramatic increase in SNA reactivity were evident. The cellular distribution of SNA reactivity in apoptotic cells was not identical to that of necrotic cells. In fact in the former, the reactivity appeared to be more profoundly associated with the cytoplasm with little staining associated with the plasma membrane. Nuclear staining of apoptotic cells with Hoechst 33258 revealed the presence of numerous apoptotic bodies. Taken together, these results indicate that both apoptotic and necrotic death result in a highly specific increase in reactivity with SNA but not with other lectins.
The data reported in Figure 2C have been obtained inducing primary necrosis in the cell line SW948. The necrosis-induced increase in SNA reactivity was similar to that obtained with SW48 cells. Interestingly, if the heat treatment was preceded by formalin fixation, the increase of SNA reactivity was not observed. This strongly suggests that the exposure of SNA binding sites is an active process which can be blocked by the sudden death of the cell induced by formalin fixation. It should be noted The reactivity appears to be associated mainly with the cell membrane. Apoptotic cells were stained with one of the four lectins and with the nuclear dye Hoechst 33258 (right panels). While the staining pattern of L-PHA and PNA reactivity remains unchanged in apoptotic cells, reactivity with MAA and, to a much higher extent, with SNA, increases. The SNA reactivity is associated with the cell membrane but also with the cytoplasm. Nuclear staining reveals the presence of numerous apoptotic bodies. (C) SW948 cells were either subjected to heat treatment to induce primary necrosis as above, and then stained, fixed, and analyzed (upper panels) or they were preliminarily fixed, and then subjected to heat treatment, stained, and analyzed (lower panels). Both FACS analysis and fluorescence microscopy reveal that fixation completely blocks the heat-induced appearance of SNA reactivity.
that the SNA reactivity appears to be polarized in a restricted area of the cell membrane ( Figure 2C , arrows).
SNA treatment does not induce any toxic effect per se
It has been reported that some lectins (Franz et al. 2006) , including SNA (Batisse et al. 2004) , induce toxic effects on cells. In order to establish whether our conditions for SNA staining were responsible of any toxic effect per se, we took advantage of two physical parameters revealed by the cytometer: forward scatter (FSC), which provides information on the cell size, and side scatter (SSC), which provides information on cell granularity. In both SW48 and SW948 cells, TPEN treatment induced a decrease in the FSC value (Figure 3 ), which is indicative of the reduced cell size, as expected on the basis of the typical apoptosisdependent cell shrinkage, whilst heat treatment known to induce primary necrosis induced both a decrease of cell volume and an increase in cellular granularity. On the other hand, the physical parameters of SNA-stained SW48 and SW948 cells were very similar, if not identical, to those of unstained cells, ruling out any relevant toxic effect of this lectin on these cell lines under our conditions of binding.
Features of SNA reactivity of apoptotic or necrotic cells
The most obvious explanation for the observed increase in SNA reactivity in apoptotic and primarily necrotic cells is the activation of α2,6-sialyltransferase(s) working on lactosaminic chains. Two sialyltransferases are able to catalyze such reaction: the well-known ST6Gal.1, which is active on glycoproteins and oligosaccharides (Weinstein et al. 1987) , and ST6Gal.2, which is active only on free oligosaccharides (Takashima et al. 2002; Krzewinski-Recchi et al. 2003) . To measure the activity of both enzymes in a single test, we used the disaccharide lactosamine as an acceptor. While the activity (expressed as pmoles of radioactive sialic acid incorporated per hour mg of protein homogenate) of an homogenate of ST6Gal.1-transduced SW948 cells is around 140, the activity of untreated, apoptotic, and necrotic SW948 cells ranges between 2 and 3 ( Figure 4A ), ruling out the possibility that the increased SNA reactivity was due to sialyltransferase activation.
SNA lectin blot analysis of homogenates of untreated, apoptotic, necrotic, and ST6Gal.1-transduced SW948 cells ( Figure 4B ) shows that in apoptotic cells, the SNA reactivity is specifically associated with bands showing molecular weights of 65, 69, and 87 kDa. Interestingly, the SNA reactivity in ST6Gal.1-transduced cells appears to be associated mainly with 240 kDa and 140 kDa bands. Apart from a weak band with a molecular weight of about 95 kDa, no SNA-reactive band appears to be specifically present in necrotic cells. These data confirm that in apoptotic cells, the SNA reactive molecules are at least in part glycoproteins and that these glycoproteins are different from those which are normally sialylated by ST6Gal.1. The absence of specific SNA-reactive bands in necrotic cells indicates that the SNA reactive molecules expressed during primary necrosis are different from those exposed during apoptosis and might not be glycoproteins.
Treatment of either apoptotic or necrotic cells with neuraminidase strongly reduces the SNA reactivity ( Figure 4C ). In a typical experiment, the enzymatic treatment reduced the fluorescence intensity of apoptotic cells from 700 to 190 fluorescence channels (FC) and that of necrotic cells from 1050 to 315 FC. This datum confirms that SNA recognizes sialic acid-containing epitopes on apoptotic/necrotic cells.
The recognition of necrotic and apoptotic cells by SNA is dependent on its native structure, in that heat inactivation of the lectin reduced its binding by about 75% (Figure 4D ). Moreover, the binding can be inhibited by about 50% by compounds containing α2,6-sialylated lactosaminic chains, such as fetuin or its N-linked glycopeptide, but not by the asialoglycopeptide ( Figure 4D ). Altogether, these data indicate that the recognition of apoptotic and necrotic cells by SNA depends on its known sugar binding ability.
The sugar chain recognized by SNA on apoptotic and necrotic cells is α2,6-sialylated lactosamine It is well known that SNA can bind, besides α2,6-sialylated lactosamine, also the sialyl-Tn antigen (Siaα2,6GalNAc-Ser/Thr), a sugar structure which is not the product of ST6Gal.1 but mainly of sialyltransferase ST6GalNAc.1. To establish whether the sialyl-Tn antigen was responsible for the recognition of necrotic and apoptotic cells by SNA, the cells were stained with anti sialyl-Tn antibodies and FACS analyzed. As a positive control, the bladder cancer cell line MCR transduced with a retrovirus carrying the ST6GalNAc.1 cDNA was used. While MCR-transduced cells displayed a strong reactivity with the anti sialyl-Tn antibody, both apoptotic and necrotic SW948 cells were found to be negative (data not shown).
The lectin from the mushroom Polyporus squamosus (PSL) has been recently found to be a more specific tool for α2,6-sialylated lactosamine than SNA (Toma et al. 2001) . In order to obtain more information about the nature of the sugar chains expressed by apoptotic and necrotic cells and to confirm the observations made with SNA with a lectin of similar specificity but from a totally unrelated species, we analyzed apoptotic, necrotic, and ST6Gal.1-transduced SW948 cells with PSL and compared the reactivity with that of SNA ( Figure 5A ). FACS analysis and fluorescence microscopy showed that both lectins failed to stain untreated cells while they reacted with necrotic, apoptotic, and ST6Gal.1-transduced SW948 cells. Together, these data indicate that the sugar chains recognized by SNA in necrotic/apoptotic cells were α2,6-sialylated lactosaminic chains.
Apoptosis does not change the FACS profile of SNA-stained ST6Gal.1-expressing cells
The cell lines used in the first part of this study express ST6Gal.1 at a very low level and consequently bind poorly to SNA. If apoptosis was induced in a cell line strongly reactive with SNA because of the constitutive expression of ST6Gal.1, such as SW948 cells transduced with the lentiviral ST6Gal.1 vector, the flow cytometric profile did not differ from that of nonapoptotic cells ( Figure 5B ). However, fluorescence microscopy revealed that the morphology of apoptotic ST6Gal.1-expressing cells was indistinguishable from that of apoptotic SW948 cells, while it was different from that of nonapoptotic ST6Gal.1-expressing N Malagolini et al. cells, because in the latter the reactivity was associated exclusively with the plasma membrane ( Figure 5B ). This datum indicates that the increased SNA binding displayed by apoptotic cells was independent of preexisting α2,6-sialylated structures on the cell membrane.
SNA marks apoptosis in cells of various tissue origins
Apoptotic cell lines of noncolonic origin such as breast cancer (MCF-7) and pancreatic cancer (Panc1) displayed an increased SNA reactivity very similar to that described in colon cancer cell lines ( Figure 6A ).
Also the bladder cancer cell line HT1376 displayed a strong increase in SNA reactivity when undergoing apoptosis ( Figure 6B ). The SNA reactivity was acquired in parallel to the membrane reactivity with annexin-V, which is indicative of phosphatidylserine exposure. Both processes started around 24 h after the administration of the apoptotic stimulus and reached a maximum at 48-72 h. It should be noted that during this time, the plasma membrane remained impermeable to small molecules such as propidium iodide (PI).
The relationship between apoptosis and SNA reactivity was further investigated in human neutrophils (or polymorphonuclear leukocytes, PMNs), blood cells which die spontaneously by apoptosis at the end of their short life (48-72 h), thus pro- At 44 h, the SNA reactivity of the whole cell population is much higher than that of freshly isolated leukocytes. Fluorescence microscopy reveals that the cells with the classical polylobate morphology show a weak SNA reactivity, while the cells that have lost the polylobate nuclear morphology, which is indicative of the apoptotic process, become SNA positive. Nuclei were counterstained with Hoechst 33258. viding an ideal model of apoptosis in the absence of exogenous stimuli. FACS analysis of cells stained with SNA just after the isolation from the blood (very few apoptotic cells) revealed a low and homogeneous level of reactivity with the lectin ( Figure 6C ). Fluorescence microscopy revealed that these cells had the typical polylobate nuclei, characteristic of PMNs. Twenty hours after the isolation, a percentage of cells became annexin-V positive; this was accompanied by an increased SNA reactivity (mean fluorescence channels 298 versus 195). The level of caspase 3 activation of these cells was about 5-fold higher than that of freshly isolated cells (data not shown). Morphologically, the nuclei of apoptotic PMNs lose the polylobate shape and acquire a round morphology (Akgul et al. 2001) . The fluorescence microscopy of the 20 h sample revealed that cells showing a round nuclear morphology (arrow) were also strongly SNA positive. At 44 h after the blood isolation, the vast majority of PMNs became both annexin-V and SNA positive. Together, these results indicate that the increase in SNA reactivity accompanies the apoptotic process in cells of different histological origin, regardless of the nature of the apoptotic stimulus.
SNA marks apoptotic PMNs of both wild-type and ST6Gal.1 knock-out mice, although at a different intensity
Mice knocked out for Siat1, the gene encoding ST6Gal.1 (Hennet et al. 1998 ) (Siat1 null), provide an ideal model to study the role played by the enzyme and/or by an α2,6-sialylated environment in the expression of the apoptosis-associated SNA reactivity. Leukocyte migration was elicited according to the thioglycollate model of inflammatory response (Nasirikenari et al. 2006) . PMNs obtained by peritoneal lavage were SNA stained and FACS analyzed, just after the isolation or after 24 h of culture to allow the developing of spontaneous apoptosis. A comparison of the SNA staining patterns of cells from WT mice, incubated for 0 or 24 h (Figure 7 top left panel), reveals in both the presence of a SNA-negative cell population and of a cell population with intermediate reactivity (between 50 and 500 FC). However, in 24 h-incubated cells only, a strongly SNA-reactive population (FC >1000) appears; this population is also annexin-V positive (Figure 7 bottom-left panel), indicating that also in a murine model, spontaneous apoptosis of PMNs is associated with a strong increase in SNA reactivity. In 24 h incubated cells from Siat1 null mice, the cell population with SNA reactivity >1000 FC is lacking (Figure 7 top right) . However, a population of apoptotic cells displaying a level of SNA reactivity between 200 and 1000 FC is still present. This datum indicates that apoptotic PMNs acquire a SNA-positive phenotype, albeit at a lower level, even in an ST6Gal.1-negative background. A similar pattern is seen when analysis is restricted to cells expressing Ly6G+, a murine granulocyte-specific antigen (Figure 7 middle panels). In both WT and Siat1 null mice, the SNA-and annexin-V-positive populations coincide (Figure 7 bottom panels).
The SNA-reactive sugar chains of apoptotic cells are not derived from soluble glycoproteins of the extracellular environment A possible mechanism explaining the presence of SNA-reactive molecules on the surface of apoptotic cells poorly expressing ST6Gal.1 involves the transfer of α2,6-sialylated sugar chains or of α2,6-linked sialic acid from α2,6-sialylated glycoproteins present in the extracellular milieu (e.g., serum) to the surface of the cells. Different mechanisms can be hypothesized to be responsible for this transfer and will be discussed in the next section. In any case, regardless of the mechanism, to ascertain whether there is a transfer of sialylated chains or of sialic acid to the apoptotic cells, the glycoprotein fetuin, previously chemically radiolabeled in the sialic acid residues, was included in the medium of cells undergoing apoptosis. Apoptotic and control cells were harvested at 24, 48, and 72 h after the administration of the apoptotic stimulus; a small aliquot of the cells was used to measure the amount of cell-associated radioactivity while the rest were analyzed by electrophoresis, followed by autoradiography. The amount of radioactivity taken up by the cells never exceeded 0.05% of the total radioactive fetuin added. Analysis of Fig. 7 . SNA reactivity of apoptotic PMNs of wild-type and Siat1-null mice. Top panels: PMNs were obtained from peritoneal exudate of 22 h thioglycollate-elicited WT and Siat1-null mice. Macrophage population was allowed to adhere to a plastic dish, while the nonadherent cell population was incubated overnight and assessed for spontaneous apoptosis by annexin-V staining. Gray line: cells stained and analyzed just after isolation; black line: cells stained and analyzed after 24 h. It is evident that in both WT and Siat1-null mice a 24 h incubation induces the appearance of a SNA-positive cell population. However, the reactivity of this population is much higher in WT than in Siat1-null mice. Medium panels: analysis restricted to Ly6G-positive cells (i.e., PMNs) confirms that a population of SNA-reactive cells is present in 24 h incubated, but not in nonincubated cells of both WT and Siat1-null mice. However, the fluorescence intensity of this population in cells from Siat1-null animals is about one-third that of cells from WT animals. Bottom panels: cells were gated for annexin-V positivity, showing that this population is also SNA reactive.
the cell-associated radioactivity revealed only one band, having the same molecular weight of fetuin (supplementary Figure 2) . A transfer of either α2,6-sialylated chains or α2,6-linked sialic acid to cells would have given rise to multiple bands. This datum makes unlikely the possibility that some kind of transfer of α2,6-linked sialic acid from the glycoproteins of the environment to cells occurred during the apoptotic process. The small amount of cell-associated fetuin was probably nonspecific.
Discussion
The identification and removal by phagocytes of apoptotic cells is based on their recognition through the exposure of "eat me signals" on the cell membrane. The best known of these signals is certainly represented by phosphatidylserine, which is "flopped" from the internal to the external membrane of apoptotic cells (Fadok et al. 1992 ). However, other molecules are exposed and contribute to the formation of the so-called phagocytic synapse (Vandivier et al. 2006 ), a complex system of signals which regulate the phagocytosis of apoptotic cells. A contribution of carbohydrate molecules to this network of signals is likely because the glycocalyx forms the most external barrier of the cell (Duvall et al. 1985) . Among the molecules which are exposed on the surface of apoptotic cells, there are calreticulin and mannose-binding lectin, both of which are sugar binding molecules. Sialylated compounds expressed by apoptotic bodies have been suggested to be involved in recognition by macrophages through sialic acid binding Ig-like lectins (siglecs) (Rapoport et al. 2005) , while apoptotic neutrophils have been reported to be recognized and phagocytized by fibroblasts through a mechanism involving a mannose-fucose-specific lectin (Hall et al. 1994) .
It is well established that the apoptotic process can induce profound alterations in the lectin-staining pattern of cell membranes (Rapoport and Le Pendu 1999; Franz et al. 2006; Sarter et al. 2007 ). However, no single glycosylation change has been so far unequivocally associated with apoptosis. Several apoptosis-related changes in cell glycosylation has been described so far, including a decrease (Azuma et al. 2000; Hart et al. 2000; Batisse et al. 2004) or an increase in cell sialylation (Kim et al. 2007) , an increased expression of Lewis X and Y antigens (Azuma et al. 2007) , an altered biosynthesis of O-glycans (Bleesing et al. 2001; Brockhausen et al. 2002) , a general decrease in lectin binding (Morris et al. 1984) , or increased fucosylation (Russell et al. 1998) .
In this work, we show for the first time that apoptotic cells of different histological origin expose sugar chains which can be recognized by the sugar-binding activity of the α2,6-sialylspecific lectin SNA. The reactivity is not limited to the plasma membrane but involves the cytoplasm. In cells expressing basic low levels of SNA reactivity, this phenomenon results in a dramatic change of the FACS profile. In cells expressing basic high levels of SNA reactivity, the FACS profile shows little or no changes (this could explain why this phenomenon has not been recognized previously), although SNA reactivity changes from being restricted to the cell surface to an involvement of deeper cytoplasmic structures. In this way, it is very similar to that observed in apoptotic cells characterized by low SNAbinding activity, thus indicating that the phenomenon is general. During the course of this study, we have found no exception to the rule of high SNA reactivity expression by apoptotic cells. The observation that the exposure of SNA binding sites is also detectable by dot blot analysis, together with the fact that other lectins do not show the same behavior and that SNA is a huge molecule with a MW of 240 kDa (Van Damme et al. 1996) , rules out the possibility that SNA passively crosses the membranes of apoptotic cells. The specificity of the phenomenon is confirmed by the fact that neuraminidase treatment strongly reduces the SNA binding. Furthermore, the lectin PSL, which has a narrow specificity for α2,6-sialylated lactosamine and is obtained from an organism belonging to a different life kingdom (fungi instead of plants), recognizes the same modification, strongly indicating that both lectins recognize α2,6-sialylated lactosamines in apoptotic cells.
Important clues on the nature of the phenomenon have been obtained by the experiments with Siat1 null mice. These animals lack a functional ST6Gal.1 and, as a consequence, do not express α2,6-sialylated lactosaminic chains in tissues and body fluids (Hennet et al. 1998 ). Apoptotic neutrophils isolated from wild-type animals display a strong increase in SNA reactivity, further confirming that the phenomenon is of general significance. In neutrophils of Siat1 null mice, the phenomenon is still present, although at a reduced intensity. Thus, in agreement with the data obtained with the ST6Gal.1-negative colon cancer cell lines, SW48 and SW948, ST6Gal.1 is not strictly required for the increased SNA reactivity by apoptotic cells. However, the phenomenon is boosted in an environment rich in α2,6-sialylated sugar chains.
The molecular mechanisms underlying this phenomenon are far from clear. Although in some cases the expression of sugar epitopes in apoptotic cells has been shown to be dependent on the modulation of the cognate glycosyltransferase (Akamatsu et al. 1996; Zhang et al. 2003; Azuma et al. 2007; Kim et al. 2007) , in this case there is evidence that no activation of the α2,6-sialyltransferases acting on lactosamine has occurred. A mechanism that has been proposed to explain the altered lectin binding pattern of apoptotic cells involves the exposure on the cell membrane of molecules resident in the endoplasmic reticulum, including incompletely processed sugar chains ). This could explain the altered binding pattern to lectins that are specific for incomplete sugar structures. However, this mechanism can hardly explain the appearance of a terminally processed structure such as α2,6-sialylated lactosaminic chains.
To explain the appearance of SNA-reactive molecules in ST6Gal.1-negative cells, we considered the possibility that α2,6-sialylated sugar chains are taken up from the extracellular environment (including serum glycoproteins), a mechanism that could conceivably be mediated by different enzymatic activities. For example, endo-β-N-acetylglucosaminidase HS, an enzyme which cleaves the glycosidic bond between the two innermost N-acetylglucosamine residues of N-linked chains, can transfer the released sugar chains to molecules containing hydroxyl groups, including sugars (Ito et al. 2006) . Other mechanisms could explain the transfer of sialic acid from sialylated donors to acceptors (Chandrasekaran et al. 2008) . We failed to observe any evidence of the transfer of sialylated compounds from [
3 H]NeuAc-labeled fetuin to cell components. This datum makes unlikely that the transfer of sialylated compounds from serum glycoproteins causes the increased SNA reactivity of apoptotic ST6Gal.1-negative cells. However, the possibility of a transfer from other sugar-containing molecules remains open.
SNA-negative cell lines develop a strong SNA reactivity when induced to undergo primary necrosis by heat treatment. The cellular distribution of the reactivity appears to be different from that of apoptotic cells, being mainly associated with the plasma membrane, with a tendency to cluster at one pole of the cell. Interestingly, this phenomenon is completely blocked if the cells are fixed before heat treatment, thus strongly suggesting that the clustering is an active process which is prevented by the chemical crosslinking caused by fixation. Like in apoptotic cells, the recognition of cells undergoing primary necrosis by SNA is dependent on its sugar-binding activity, is not dependent on sialyltransferase activation, and is inhibited by neuraminidase treatment. While in apoptotic cells SNA reactivity appears to be associated with a few glycoproteins of discrete molecular weight, there are no SNA-reactive glycoproteins specifically associated with primary necrosis. This strongly suggests that the two processes activate the expression of α2,6-sialylated lactosaminic chains on different class compounds.
Collectively, the data presented in this paper indicate that cells undergoing either apoptosis or primary necrosis undergo cellular modifications resulting in the accessibility α2,6-sialylated lactosaminic structures by specific lectins, such as SNA and PSL. Unlike other glycosylation changes reported in different experimental systems, the exposure of α2,6-sialylated lactosaminic structures appears to be a general phenomenon, independent of the nature of the apoptotic stimulus and on the tissue origin of the cell. Even if the molecular bases of this change and its biological implications remain to be elucidated, it is tempting to speculate that the exposure of α2,6-sialylated lactosaminic structures is involved in the network of signals regulating the disposal of dying cells.
Material and methods
Induction and control of apoptosis and of primary necrosis
Colon cancer cell lines SW48 and SW948 were grown in the Leibovitz's L15 medium; cell lines HT29 (colon), MCF7 (breast), Panc1 (pancreas), and HT1376 (bladder) were grown in DMEM. Media were supplemented with 10% FCS and antibiotics. In routine experiments, apoptosis was induced by the intracellular zinc chelator NNN N -tetrakis-(2-pyridylmethyl)ethylenediamine (TPEN) treatment (10 µM) for 48 h (Chai et al. 2000; Marini et al. 2001) . In some experiments, apoptosis was induced by 5 µM camptothecin for 72 h. Apoptotic cells were collected from the medium and harvested by centrifugation. Mock-treated cells were released by trypsin treatment. The occurrence of apoptotic death was monitored by the following four parameters: the expression of phosphatidylserine on the cell membrane by binding with annexin-V (Annexin V-PE detection kit, BD Pharmingen, Milan, Italy); caspase 3 activation (CPP32 colorimetric assay kit, MBL, Woburn, MA); analysis of physical parameters by flow cytometry; and analysis of nuclei morphology in Hoechst 33258-stained cells. Primary necrosis was induced by treating trypsin-released cells at 56
• C for 30 min (Franz et al. 2006 ). Integrity of cell membranes was monitored in FACS analysis by 7-AAD, included in the Annexin V-PE detection kit, or with PI. Staining with annexin-V and 7-AAD was performed according to manufacturer's instructions.
FACS and fluorescence microscopy analysis
Lectins SNA, L-PHA, PNA, and MAA were purchased from Sigma (St. Louis, MO), while lectin from Polyporus squamosus was purchased from EY laboratories (San Matteo, CA) and conjugated to fluorescein isothiocyanate (FITC) as described (Hoebeke et al. 1978) . Cells were stained with fluorescent lectins (50 µg/mL) for 20 min in ice and FACS analyzed as previously described . After analysis, cells were fixed in 4% formaldehyde; an aliquot of stained cells was collected by centrifugation in a minifuge and resuspended in 10 µL of phosphate buffered saline (PBS, 20 mM Tris-HCl, pH 7.4, 0.15 M NaCl) containing 100× diluted Hoechst 33258 and incubated for 20 min at room temperature. Cells were then washed with 1 mL of PBS, collected by centrifugation, resuspended in 10 µL of mounting solution, spotted onto a microscope glass, covered with a glass coverslip, and observed using a fluorescence microscope.
Transduction of the SW948 cell line with human ST6Gal.1 cDNA The cDNA of the whole coding sequence of human ST6Gal.1 from Caco2 cells was PCR amplified using primer pair hST6Gal1L.1 (CACCATGATTCACACCAACCTGAAGAAA AAGTTCAGCTGCTGC) (the underlined sequence is necessary for cloning in the TOPO vectors and is not gene specific) and hST6Gal1.R1 (TTAGCAGTGAATGGTCCGGAAGCCA GGCAGTGTG). The PCR product was cloned in the pLenti6/V5 directional TOPO vector (Invitrogen, Carlsbad, CA) and used to transfect the 293FT cell line, according to the instruction manual of the ViraPower Lentiviral Expression System (Invitrogen). The conditioned medium, containing the virions, was centrifuged to remove cell debris, filtered on a 0.45 µM membrane, diluted with 9 volumes of fresh culture medium, added to SW948 cells, and left for 48 h. Cells were selected by the presence of 10 µg/mL blasticidin. Resistant cells were SNA-FITC stained, FACS analyzed, and found to be more than 85% positive. A mock transduction was run in parallel with a retrovirus lacking the ST6Gal.1 insert.
Determination of ST6Gal activities
Cell pellets were homogenized in water and the protein concentration of the homogenates was determined by the Lowry method. The activity of the two enzymes which could add sialic acid in α2,6-linkage to lactosaminic chains, namely ST6Gal. 1 and ST6Gal.2, was assayed using the common acceptor Nacetyllactosamine according to published procedures ).
Dot and lectin blot analysis
Dot blots and SNA-lectin blots were probed with digoxigeninconjugated SNA. Conditions for electrophoretic separation and blotting were as previously described ).
Protease and neuraminidase treatments
Apoptosis or primary necrosis was induced in SW948 cells with TPEN for 48 h or by heat treatment as described above. Protease treatment was performed with 0.5 mg/mL of proteinase-K from Tritirachium album (Sigma) in serum-free DMEM for 30 min at 37
• C. Cells were then washed twice by centrifugation, formalin fixed, SNA-FITC stained, and FACS analyzed as above. Neuraminidase treatment was performed with 1.3 U/100 µL of neuraminidase from Clostridium perfrigens (Sigma) in PBS for 1 h at 37
• C. Then, cells were fixed and analyzed as above.
Isolation and analysis of human PMNs
Human PMNs were isolated from the blood of healthy donors as follows: the buffy coat obtained from 40 mL of EDTA-treated blood was stratified on Ficoll-Paque (Pharmacia, Piscataway, NJ) and centrifuged at 400 × g for 30 min at 20
• C. The granulocytes stratified on the packed red cells were collected and diluted to 40 mL with PBS. Erythrocytes were sedimented by adding 2.5 mL 4% (w/v) dextran 500 (Pharmacia) and the PMNs were spun down from the supernatant at 250 × g for 5 min at room temperature. Contaminating red cells were removed with an osmotic lysis (1 min in 1.5 mL 0.2% NaCl), followed by the addition of 3.5 mL of 1.2% NaCl. PMNs were pelleted at 200 × g for 5 min, washed twice with PBS containing 1% (w/v) BSA, and resuspended in 1 mL of the same buffer. An aliquot
